Introduction
Electrically conductive adhesives (ECAs) consist of polymer binder which provides mechanical strength, and conductive fillers, that offer electrical conductivity. ECAs have been identified as an environmentally friendly alternative to traditional tin/lead (Sn/Pb) solders in electronics packaging applications. ECAs also have some potential advantages over the conventional solder techniques which include low temperature processing, finer pitch and simple processing [1] . From these the ECAs are considered as the next generation interconnection materials for electronic packaging [2] .
Epoxy is an important class of thermoset polymer and is used as binders in ECAs due to its ease of processing, high tensile strength and modulus, good resistance to heat, chemicals and moisture, dimensional stability (low shrinkage under treatment), and low cost [3] . Graphene with a twodimensional platelet consisting of carbon atoms arranged in a honeycomb structure, has been the subject of enormous scientific interest due to its fantastic features such as high mobility, optical transparency, room temperature quantum Hall effect, extremely high specific surface area, high mechanical properties with a Young's modulus of 1000 GPa and tensile strength of 130 GPa [4] [5] [6] . Its exceptional electrical conductivity of up to 6000 S/m, along with its low viscosity when combined with polymers and non-toxicity, make them excellent candidates as reinforcing and conducting fillers of composites for ECAs [7, 8] .
Improvements in tensile and electrical properties by the addition of graphene in epoxy as a polymer matrix have been reported by previous researchers [9, 10] . To achieve optimal enhancement in the mechanical and electrical properties of graphene/epoxy composites, several fundamental challenges should be resolved: (1) uniform dispersion of graphene; (2) the poor adhesion/interaction between the graphene and epoxy as Abstract The study was carried out to investigate the effect of amine coupling agent of graphene nanopowder (GNP) on the properties of epoxy-based electrically conductive adhesives. Amine-based coupling agent for GNP (m-GNP)/epoxy thin film nanocomposites and GNP/epoxy thin film nanocomposites were fabricated using an ultrasonication and spin-coating techniques. Subsequently, the effect of GNP with different filler loading (0.05-1 vol%) on the tensile properties and electrical properties of the epoxy composites was studied. The GNPs functionalized with amine coupling agent was confirmed with FTIR, AFM and Raman spectroscopy. Generally, it was found that the addition of GNPs decreased the tensile properties of epoxy composites. However, m-GNP/epoxy composites showed higher tensile properties than GNP/epoxy composites at the same filler loading. While, it was found that the percolation threshold of the m-GNP/epoxy composites (0.6 vol%) was much higher than that of the GNP/epoxy (0.1 vol%). Morphological analysis of the GNP fillers by TEM images showed that the average dimensions of m-GNPs layers were far smaller than the average dimensions of GNPs before functionalization. SEM images of the tensile samples cross section confirmed the existence of strong interfacial bonding between m-GNP and the epoxy matrix. a matrix; (3) the amount of wrinkling in the graphene; (4) the alignment of graphene [11] . Due to the graphene's physical and chemical structure cause dispersion of graphene within polymers to be a major challenge. The π-π interactions and van der Waals forces favor the aggregation of graphene sheets to form graphite. The aggregation of graphene deteriorates both the tensile and electrical properties of final composites. Beside the lack of interfacial bonding between the graphene and epoxy limits the load transfer from epoxy to graphene [12] .
These problems are overcome by the surface chemical functionalization of graphene, which can improve the interfacial bonds between graphene and epoxy as well as the dispersion of graphene in epoxy. Many chemical additives have been developed, among these additives, coupling agents have gained more attention because of their special structures, which have two different functional groups, one that is attracted to the resin and the other that is attracted to the surface of the filler [13] . Among various functional groups, the amine group has a relatively high reactivity and can easily react with many chemicals [14] . To date, the amine-coupling agent nanocarbons have been extensively studied. Recently, Ryu et al. [15] fabricated epoxy nanocomposites filled with hexamethylene diamine modified graphene oxide and observed significant improvement in the mechanical, electrical and flexural properties in comparison to its counterpart. Fang et al. [16] reported that with addition of 0.6 wt% amine-functionalized graphene, the resulting composite exhibits significant mechanical improvements, 93.8 and 91.5% increases in fracture toughness and flexural strength, respectively. Bauhofer and Kovacs [17] reported that the percolation threshold is shifted to higher filler loading and it was affected by the aspect ratio of the GNPs.
In this study, we investigated on the effect of amine coupling agent on the tensile and electrical properties of m-GNP/ epoxy thin film composites. The properties are compared with untreated GNP/epoxy composites and epoxy composites prepared by chloroform as dispersion solution for GNP (ch-GNP), as reported in our previous work [18] . To the best of our knowledge, limited studies have been carried out to compare the effect of functionalization and processing using dispersion solution on the properties of GNP nanocomposites. Keeping most variables constant and using same sonication time (20 min), this study was aimed to compare the effect of these different methods and filler loading on the epoxy composites properties.
Experimental methods

Materials
The GNP product that was used as a nanofiller in this study, 0544DX, was supplied by Skyspring Nanomaterials, Inc. Based on the supplier data sheet, it has a surface area of 50-80 m 2 /g with a purity of 99. 
Preparation of GNPs with amine coupling agent (m-GNP)
GNP surface treatment in this study was done using chemical treatment process. The procedure for chemical treatment was suggested by Huang et al. [19] . In order to prepare carboxylated GNP (GNP-COOH), as received GNP was sonicated with a mixture of H 2 SO 4 (98%)/HNO 3 (70%) (3:1 v/v) at 60 °C for 4 h. Then, the GNP-COOH were filtered and washed with deionized water until pH 7 and then dried in vacuum. The dried GNP-COOH was chlorinated by refluxing for 12 h with SOCl 2 and DMF (20:1 v/v) at 70 °C. After the acyl chlorination, SOCl 2 and DMF were removed through vacuum distillation, ethylenediamine was added to react with acylchlorinated GNP at 100 °C for 2 days until no HCl gas existed. After cooling to room temperature, the GNP was washed with ethanol for 5 times to remove excess ethylenediamine. Finally, GNP-NH 2 sheets were obtained after drying at 50 °C in vacuum for 24 h. Corresponding chemical reactions are illustrated in Fig. 1 . 
Fabrication of GNP/epoxy and m-GNP/epoxy nanocomposites
The GNP loadings in the epoxy resin varied between 0.05 and 1 vol%. In the preparation of the GNP/epoxy composites, the sonication time is the most important factor to obtain well-dispersed nanofillers. According to our previous work [20] , GNP/epoxy with a 20 min sonication time was chosen as the optimum sonication time. The epoxy resin and GNP or m-GNP mixtures were sonicated at room temperature for 20 min with 50% amplitude and 0.5 sonication cycles. GNP/epoxy or m-GNP/epoxy was subsequently vacuumed for approximately 60 min at room temperature to further remove bubbles. A curing agent was added at a ratio of 100:32 by weight (epoxy: curing agent), and the mixture was sonicated for another 10 min in an ice bath. The mixture was kept in a vacuum oven for 30 min at room temperature, after which it was spin-coated using a Desk-Top Precision Spin Coater, model G3P-12. Spinning speeds of 900 to 12,000 rpm were used on all of the epoxy systems for 60 s. The film was then left on the stationary substrate for 3 min before curing at room temperature for 24 h, after which it was post-cured at 80 °C for 2 h to produce films with a thicknesses of 30 μm to 70 μm.
Characterization technique
Fourier transform infrared spectroscopy (FTIR) was recorded using a Perkin Elmer Spectrum instrument under an inert air atmosphere with the spectral range was from 500 to 4000 cm −1 . The FTIR measurements of raw GNP and m-GNP were obtained using KBr technique. Atomic force microscopy (AFM) observation was performed using typical tapping mode (AFM, Nano Navi SII). The AFM images for GNP and m-GNP were prepared by dispersed nanofillers in ethanol by sonication for 10 min, then the suspensions of nanofillers were spin-coated (2000 rpm) onto freshly cleaved mica surfaces and allowing them to dry in air. Raman spectra were performed using an InVia Raman system (Renishaw Plc, UK). The excitation wavelength was 633 nm from a He-Ne laser with a laser power of ca. 15 mW at the GNP and m-GNP nanofillers. The morphology of the GNP nanofiller was examined by a high-resolution transmission electron microscope (TEM), model Philips CM12. GNP and m-GNP nanofillers were dispersed in ethanol by sonication for 10 min, and some pieces were collected on 200 mesh carbon coated copper grids for TEM observation. For GNP/epoxy and m-GNP/epoxy composites, the samples were cut using an ultramicrotome (Leica EM UC7). A diamond knife was used for trimming. The slices, with a thickness of ~ 50 nm, were deposited on 200 mesh copper grids. The dimensions of GNP sheets before and after sonication were measured using TEM Imaging and Analysis (TIA) software. The tensile properties of the epoxy composites were determined using an Instron 3366 according to the ASTM D882-02 standard test method at a crosshead speed of 1 mm/min. For each tensile sample, five strip specimens, with a width of 10 mm and length of 150 mm, were prepared and used for evaluation. The fracture surfaces of the tensile specimens were examined using a field emission scanning electron microscope (FE-SEM model Zeiss SUPRA 35VP) at an acceleration voltage of 10 kV. All specimens were vacuum coated with gold prior to examination to avoid charging. Direct current (DC) electrical conductivities of epoxy composites were tested using a Gwinstek LCR 817 m at a voltage of 1 V and frequency of 1 kHz. A square-shaped thin film with a dimension of 30 × 30 mm was prepared and used for measurement. (C-OH group), 1620 cm −1 (C=C in the aromatic ring) and 1706 cm −1 (C=O in carboxyl group). A strong and broad absorption at 3400 cm −1 could be observed because of the O-H stretching vibration. Similar patterns were observed by other researchers [14, 21] . After chemical treatment of GNP with amine coupling agent, the peak of C=O stretching vibration shifts to a lower position 1670 cm −1 , which coincides with the C=C stretching vibration. While the peak of C-O-C (1090 cm −1 ) stretching vibration shift to higher position 1135 cm −1 , due to the formation of amide linkages [14] . Medium intensity appearing in these spectra in the 1480-1263 cm −1 region are due to the antisymmetric C-N stretching vibrations coupled with the out of plane NH 2 and NH modes [14] . The strong absorption at 3400 cm −1 can be associated with N-H and O-H stretching vibration [22] . The peaks at 2950 cm −1 are also strengthened after modification, as amine groups introduce new C-H bonds. The presence and location of the N-H and C-N bands demonstrate the successful functionalization of amine groups onto GNPs.
AFM topography
AFM was employed to measure the thickness of GNP and m-GNP nanofillers. Typical AFM topography images of GNP and m-GNP deposited onto a mica substrate are presented in Fig. 3 . As shown in Fig. 3a , the average height of 1.74 ± 0.14 nm for the GNP is almost consistent well with reported results found in previous literature [23, 24] . In contrast, Fig. 3b revealed that the average thickness of the m-GNP sheets was around 2.55 ± 0.26 nm, which was thicker than that of GNP. The increase of m-GNP thickness is due to the presence of amine coupling agent chains grafted on the surface of GNP, further confirming the successfully functionalization of amine groups onto GNP. Wan et al. [24] reported on the improved dispersion for graphene/ epoxy composites interface via a surface modification of graphene. The average height of graphene increased from 1.21 ± 0.32 nm for the pristine graphene to 2.36 ± 0.45 nm for the Triton-graphene. This is attributed due to the presence of non-covalently functionalized polyoxyethylene octyl phenyl ether (POPE) chains absorbed on the graphene sheet surface. Wang et al. [25] also reported increment in the height of graphene after being functionalized from 1.015 nm to 2.696 nm. This is attributed due to the presence of functionalized silane chains grafted on the graphene sheets. Figure 4 shows the Raman spectra of GNP and m-GNP nanofillers. The Raman spectrum of GNP displays a prominent G peak at 1580 cm to 1350 cm −1 for GNP because of the strongest conjugated effect of ethylenediamine [27] . Which could indicate that the functional reaction introduce some defects and damages to the GNPs' structure. High intensity of the D band (I D ) after functional reaction is related to the amount of defects present in the graphene structure. In other words, the larger the I D , the higher is the intensity of atomic-scale defects. Moreover, as reported by Ahmadi-Moghadam et al. [26] , the ratio of I D /I G was increased by functionalization of GNPs with I G being the intensity of the G band. In this study, the I D /I G ratio of m-GNP is higher than the commercial GNP, 0.351 and 0.288, respectively. This may be attributed to the functionalization process that increases the GNPs' structural disorder intensity by formation of covalent bonds [28] .
Raman spectroscopy
Morphology
In order to investigate the morphology and the change in the microstructure of GNP sheets after chemical treatment, TEM for the GNPs, m-GNPs nanofillers, GNP/epoxy and m-GNP/epoxy composites have been utilized. A representative TEM image in Fig. 5a shows that the as-received GNPs superimpose on top of each other and look wrinkled similar to crumpled thin paper, which indicates that GNPs form clusters or aggregates [29] . Moreover, the TEM image in Fig. 5b shows that the single layer of GNP has a flaky shape and a relatively smooth planar structure with large dimensions (4.21 µm × 1.07 µm). Based on the dimensions of the GNP sheets in the GNP/epoxy composites in Fig. 5c , it is found that sonication has reduced the dimension of GNP. This indicates that the sonication process tends to break the GNP layer, and it loses its large dimensions. A longer sonication time, although improving the degree of exfoliation, further reduces the surface area; therefore, the processing conditions were considered to be a good compromise between these two aspects [30] . Figure 5d , e shows the TEM images of m-GNP. It was shows that the m-GNP consisted of single or few layers sheets with several hundred nanometers large (770 nm × 340 nm) and (630 nm × 325 nm), respectively. It can be observed that a single layer of m-GNP has a wrinkled shape with few thin ripples. Based on the dimensions of the m-GNP sheets in the m-GNP/epoxy composites in Fig. 5f , it is found that sonication during the mixing process of m-GNP with epoxy resin has reduced the dimension of GNP. These results suggest that both chemical treatment and mixing process causes breaking of graphene structure into smaller fragments [31, 32] . This finding was in agreement with that of Dong et al. [31] . They reported on a microwave assisted techniques for amino functionalization of graphene. It was found that based on the TEM images, graphene size after functionalization processed was far smaller than the graphene before functionalization.
Tensile properties
The effect of GNP and m-GNP loadings on the tensile properties of epoxy thin film nanocomposites is shown in Fig. 6 . Generally, all epoxy composites showed a decrement in the tensile strength, tensile modulus and elongation at break compared to those of the neat epoxy, as depicted in Fig. 6a -c. As seen in Fig. 6a , by comparison, the m-GNP/ epoxy composites exhibit higher tensile strength than the GNP/epoxy composites over the whole filler contents Fig. 4 Raman spectra of GNP and m-GNP nanofillers studied. The most significant improvement is obtained at a loading with 0.2 vol% m-GNP/epoxy, reaching 51 MPa, which is an increase of 26% compared to that of GNP/epoxy.
In general, the tensile strength of the nanofiller in a polymeric matrix is governed by its content within the host system, the level of dispersion within the final nanocomposite, the aspect ratio and filler shape, functional groups, and the interaction between the filler and matrix [33, 34] . The main factors can explain the increment in the tensile strength of the m-GNP/epoxy compared to GNP/epoxy composites, due to the amine functional groups can produce strong m-GNP/ matrix bonding and thus improve their stress transferring efficiency, leading to increase tensile strength. In addition to the amide groups grafted onto the surface of m-GNP can prevent stacking and aggregation of GNPs, thus improved the dispersion state of GNP in epoxy matrix [26, 35] .
The tensile moduli of the GNP/epoxy and m-GNP/epoxy composites with different filler loading are shown in Fig. 6b . The addition of GNP did not improve the tensile modulus. All epoxy composites showed a decrement of the tensile modulus compared to that of the neat epoxy. The lack of, or marginal improvement in stiffness, along with the addition of a small amount of nanofiller, has been reported in the past [33] . The marginal improvement in elastic properties may be attributed to the difficulty of securing uniform dispersion. In particular, the dispersion of two-dimensional sheets can be significantly more challenging than that of one-dimensional fibers [36] . It is interesting to note that there is a significant improvement for the m-GNP/epoxy compared to GNP/epoxy composites with low GNP loading, from 0.05 to 0.2 vol%. Beyond this loading, the enhancement diminishes. This observation has been attributed to the fact that two-dimensional GNP can agglomerate more easily at higher filler loadings, especially with a large surface area and plane-to-plane contact area [29] . This will lead to the poor dispersion of the GNPs filler above a volume fraction of 0.2 vol%. Similar poorly dispersion quality of graphene in epoxy composites was observed by other researchers [11, 37] .
The elongation at break also presents the same variation tendency with the tensile strength and tensile modulus as shown in Fig. 6c . Adding GNP causes the elongation at break to decrease for all epoxy composites compared to that of the neat epoxy. According to Wang et al. [25] , elongation at break typically decreased with the addition of rigid graphene. The GNP aggregation act as a defect sites hindering plastic flow of polymers. However m-GNP composite showed slightly higher elongation at break than GNP/ epoxy composite. This effect is obviously connected with the improved GNP dispersion caused by the attachment of amine group and the reduction of aggregation between the m-GNP.
Fractography
To further evaluate the dispersion and interfacial bond between the GNP and the epoxy matrix, the morphologies of the tensile fracture surface of 0.2 vol% of the GNP/ epoxy and m-GNP/epoxy composites are presented in Fig. 7 . Because the fracture surface of the neat epoxy is featureless with a typical brittle fracture process and very smooth [7, 11] , its SEM micrographs are not shown here. As shown in Fig. 7a , the 40 µm thickness fracture surface of GNP/epoxy composite exhibits a relatively rough surface, whereas agglomerate areas of several micrometers can be clearly found in the GNP dispersed in the epoxy using only sonication, which is consistent with the TEM observation in Fig. 5c . From the SEM images with high magnification Fig. 7b , c, some gaps between the GNP sheet and the epoxy matrix can be found on the surface, indicating that the interface between the GNP and the epoxy is poor.
In contrast, the 50 µm thickness fracture surface of m-GNP/epoxy composites exhibits smooth surface with highly exfoliated and dispersed graphene in the epoxy matrix as shown in Fig. 7e . In the m-GNP/epoxy composite from the SEM images with high magnification (Fig. 7 f,  g ), the GNP were embedded and tightly held in the epoxy matrix. The GNP sheets appeared to be broken on the surface instead of being pulled out during tensile test and the ends are tightly embedded in the epoxy matrix as shown in Fig. 7h . This finding indicates the existence of strong interfacial bonding between amine-coupling agent GNP and the epoxy matrix. Improved dispersion and bonding of graphene sheets can significantly affect the final tensile properties of composites as shown in Fig. 6 . To further investigate the fracture behavior of all epoxy composites, SEM micrographs with magnification of ×1000 k of the tensile fracture surfaces were used. As shown in Fig. 7d , h, wrinkling of the GNP layer of both GNP/epoxy and m-GNP/epoxy was observed, indicating that the two-dimensional structure of GNPs is hardly maintained in the preparation of the composites; this observation was in agreement with TEM as shown in Fig. 5 . According to Wan et al. [24] the wrinkled sheets are less effective in improving the tensile modulus of the graphene/epoxy composites.
Electrical conductivity
The electrical conductivity of the unfilled epoxy, GNP/ epoxy and m-GNP/epoxy thin film composites at different filler loadings are presented in Fig. 8 . The unfilled epoxy thin film is an insulator that exhibits low electrical conductivity (approximately 4.32 × 10 −7 S/m). The GNP can be considered to be a good filler by increasing the electrical conductivity of the epoxy resin. The GNP/epoxy composite had percolation threshold at 0.1 vol% with value of electrical conductivity of 1.02 × 10 −3 S/m. However, after the chemical treatment of the GNP, the m-GNP/epoxy composite exhibited percolation threshold at 0.6 vol%, and lower electrical conductivity of 7.80 × 10 −4 S/m. The increment in volume of the percolation thresholds of epoxy composites with the addition of functionalized carbon nanofillers compared to unfunctionalized carbon nanofillers has been reported in previous works [38, 39] .
Many reasons can explain this increment in the volume of percolation threshold for m-GNP/epoxy such as: (1) the functionalization process was found to reduce the aspect ratio of GNPs as shown in Fig. 5d-f . Aspect ratio is known as the ratio between the diameter and the thickness. Bauhofer and Kovacs [17] reported that the percolation threshold is shifted to higher filler loading and it is affected by the aspect ratio of the GNPs, (2) effect, the presence of functional groups on the graphene results in disruption of π electron conjugation in graphitic sp 2 network and decrease its intrinsic conductivity of the individual graphene sheets [40] . This explained why the electrical conductivity of m-GNP/ epoxy composites are lower than those of the GNP/epoxy composite, (3) the functionalization significantly improved the affinity between the epoxy and the GNP. The reaction of the epoxy resin with the GNP surface-groups formed an electrically insulating epoxy layer, which increases the distance between the adjacent GNPs. This distance are larger than the electron tunneling gap and therefore, more GNP loading are required to reach the percolation thresholds of the m-GNP/epoxy compared to GNP/epoxy composites. Table 1 shows the comparison data for maximum tensile strength, tensile modulus and electrical conductivity beside the tensile strength, tensile modulus and electrical conductivity at the percolation threshold values for the unfilled epoxy and epoxy composites reinforcements with GNP and m-GNP obtained in the current study and epoxy composites reinforcements with ch-GNP obtained by our previous study [18] . From the table it can be concluded that epoxy composites with 0.2 vol% of m-GNP shows the maximum tensile strength and modules, which is higher than both GNP/epoxy and ch-GNP/epoxy composts. However, the epoxy composites with 0.2 vol% of m-GNP had no electrical conductivity and higher percolation threshold up to (0.6 vol% of m-GNP) compared to GNP/epoxy and ch-GNP/epoxy with percolation threshold at 0.1 and 0.05 vol%, respectively. 
Conclusions
This work investigated the effect of amine coupling agent for GNP with different filler loading on the tensile properties and electrical conductivity of epoxy resin. The covalent bonds between GNPs and ethylenediamine were presented and confirmed by FTIR and Raman spectroscopy. AFM analysis indicated the increases of thickness from ca. 1.74 nm for the GNP to ca. 2.55 nm for the m-GNP due to the presence of amine coupling agent chains. TEM images showed that graphene size after functionalization processed was far smaller than the graphene before functionalization, indicating that the chemical treatment and mixing process causes breaking of graphene structure into smaller fragments. The microstructure observation indicated better dispersion and exfoliation of GNP in m-GNP/epoxy compared to GNP/epoxy composite. It was found that the m-GNP/epoxy resulted in higher tensile properties than GNP/epoxy, especially at low filler loading, and this can be attributed to the interaction between m-GNPs and epoxy matrix. The improvements in tensile strength are 26% for composites with 0.2 vol% m-GNP compared to GNP/epoxy, respectively. However, electrical conductivity showed a higher percolation threshold value (0.6 vol%) with lower value of electrical conductivity of 7.80 × 10 −4 S/m for m-GNP/epoxy, compared to lower percolation threshold value (0.1 vol%) with higher value of electrical conductivity of 1.02 × 10 −3 S/m for GNP/epoxy composite. Current study Current study Current study [17] 
